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I Research Objectives and Potential Impact on Propulsion 

The performance and stability of liquid rocket engines is often argued to be 
significantly impacted by atomization and droplet vaporization processes. ln part.cuiar, 
combustion instability phenomena may result from the intera^ons between me 
oscillatina pressure field present in the rocket combustor and the fuel and oxidizer 

studies have been conducted to examine the effects of osallajng 
pressure fields on spray formation and its evolution under rocket engine conditions. The 
p "udy is intended to addtess the need for such studies Jnpa^la^t»o 
potentially important phenomena are addressed in the present ettorh The first invokes 
She enhancement of fie atomization process for a liquid jet a*)e«»dto ant osc gating 
Dressure field of known frequency and amplitude. The objective of this part of the study 
is to examine the coupling between the pressure field and/or the resulting periodica y 
perturbed velocity field on the breakup of the liquid jet In partcutar, In 

oscillations are ol interest since such modes are considered ol primary importance in 

combustion instability phenomena. 

The second aspect of the project involves the effects of an oscillating pressure * field 
on droplet coagulation and secondary atomization. The objective of this s ^dy is t 
examine the conditions under which phenomena following the atomization process are 
affected by perturbations to the pressure or velocity fields. Both ^gutetion 
secondary atomization affect droplet vaporization processes and ^sequent y can 
represent a coupling mechanism between the pressure field and the energy release 
process in rocket combustors. It is precisely this coupling which drives [»mbus^ 
instability phenomena. Consequently, the present effort is intended to provide the 
fundamental insights needed to evaluate these processes as important mechanisms in 

liquid rocket instability phenomena. 

Due to the challenging measurement environment presented by these ^ 
complementary diagnostic development effort has proceeded in parallel with the above 
Judies These diagnostic approaches are emphasizing real-time measuremente of 
droplet size size distribution and spatial location. Both novel, as well as state-of-the art, 
techn^uTs am presently being addressed and validated in the present experiments. 

The maior impact of the present study on propulsion engineering involves the 
potential for gaining a fundamental understanding of the role of pressure variations o 
atomization and spray phenomena. Through an understanding of the proposed 
mechanisms for combustion instability generation, the basic 

underlying physics required for development of appropriate submodels can be achievea 
Present rocket combustion modelling efforts suffer from the lack of appropria 


665 


PRECEDING PAGE BLANK NOT FILMED 



submodels for describing the interactions between spray formation and drooler 
processes with oscillating pressure and velocity field? ^ . dro ? 0t 

aimed directly at resolving some of the critical elements " 
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||. Current Status and Results 

a lot Rreakuo Under Acoustic Pressure Oscillations 

involved high speed cinematography (Spin A new innovative 

SKSSSS XS SKSStSSKiT 

preferential modes that are characteristic of the injection chamber. ^ es ® r ®® u . .. . 
potential importance for impinging-element type inject° r s for o^^us re • 

SMELSE 

ssayrsas ss n P ,r -s^“ssa ,o 

atomization phenomenon. 

the cylindrical chamber used lor our experiments is shown in Fig 1 . 

sdfi 

eke? fiz&ssz*: r^**-*- «• * 

window for added visual access. Four circumferential microphone ports, 

from me top ot the chamber. ^™t«*oyed « these 

ports are used to study the acoustic characteristics of the chamber. 

The acoustic modes of the chamber were first identified wave 

Zrby^“S 

wavefrequendera white noise generator was used to drive the spe^^d the^ 
between 
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Fig. I. A schematic of the injection chamber. 
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ACOUSTIC CHAMBER SCHEMATIC 




JfiL SlSions were visual* and M 

breakup the liquid jet emanating from ^onnieaor ^es <0-«^£^ |ashions . 
diameter nozzles with a length to d ' amel ^''° and Ihe corresponding 

with droplet diameters of the same order of magnitude as the nozzle d “ nding 

rrA. £-» „ 

p^ula^ th^^^^^ode^mquen^^oupl'^prefefentially'k) the breakup fluencies 

rSSSSSaa- 

SS2w£-^K2S=.. 

this mode. 

X. irrssss -Sirir 

SiS^S rr^sSSs Win uneanh additional 
information. 

B. Diagnostic Development 

As a comDlementary effort to the atomization and spray studies described 
previously, a diagnostic development program has been initiated to support the 
measurement needs of this project. 

Spray and droplet measurements in liquid rocket engines require non-intrusive 
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Fig. 2. 


Spray type breakup observed at a frequency of 1 140 Hz. The inset graph shows the 

chamber S!! “ * h0 [ iM ?! a . 1 plant > h ' chamber) 10 inches from the top of the 

ber at zero phase angle. This mode is identified to be the first tangential mode. 
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Fig 3. Fan type breakup observed a. 

amplitude at a horizontal plane (within the chamb ) ^_ ntpr vertical Diane This 

at zero phase angle. Note the high pressure gradient at the center vertic p 

mode could be the third longitudinal/first tangential mode. 
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Eft* which possess both high spatial and temporal resolution capabilities In 

f U . t0 the short duration and highly transient nature of liquid rocket combustion 

hinhiw ® < f hn '2 LJes whlch P rovide extensive spatial measurement capabilities are 
highly dearabte. Recent progress in the development of planar laser imaginr^niaues 

a DlanatT««r trated the 1501601131 for Sieving such measurements. In the present work 
p . i r t S6r 10139109 a PP roach for droplet and particle sizing which incorporates an 
optical polarization ratio technique has been investigated. A series of pZsZe^zed 

Snt t0 ° btain dr °P ,6t siz3 messurements based oX ratio of 

^ t0 vert,03 ' ly P° lari2ed scattered light. This technique, which provides 1 an 

",r ra9 ! d dr ° P,et di3meter ’ P rovides spatially and temporally resolved droplet 
size measurements over an extensive spatial region. p 

Experimental Setup 

. P 0 ) ari2atio ° ratio a PProach utilized in these studies involves a pulsed Nd-YAG 
teer operating at the 532 nm laser line. This laser beam is formed intoVsheetot lioht 
vfiriiMii P0 a ^ tion orientati °n is adjusted using a half-wave plate to provide both 
| . y aod h ° nzontal| y polarized light components. For the water sprays studied the 
polarization vector was oriented at a 45* angle with respect to the horizontal pla^e of 
poarization. The images of scattered light intensity at a 90* scattering angle were 
“ e T ly obtained for each polarization orientation using a pair of 35 9 mm cameras 
°l ^ . app [°P nate beam s P>'tter and polarization filter. The images were 

camera ^ese^tattSd^' 16 3nd Wer ® subsequentfy di 9 itized using a CID solid state 
Sfmsfn?' i , d ! 9rtl2ed ,ma 9 es wer e stored on a personal computer and two- 

fnri hn t P .? ariZ . atl0n rat '° fields were constr ucted from the ratio of a pair of vertically 
^d horizontal polarized scattered light images. The ratio of horizontal and veSl 

sections 7c d ' reCt « y felated t0 a PP r °P r ' a te optical scattering cross 

coattorirJ ' J^°P ,et size information can be directly calculated from MIE lioht 

rimnilt 9 the< ? fy ' Calculatl °ns of these polarization ratio values were utilized to provide 
droplet size information throughout the spray. provioe 

Results 

nrnoilt^f re K 6nt 3 Spray re 9 ion > 5 cm X 5 cm, was imaged and analyzed 

Droplet sizes based on D M , in the water spray were observed to vary between 10 urn in 
^ cemral region of the spray ,o 40 „m near the edges ofthe spray 

3 ^ d ,° PP ' er P 3 * * 1018 ^ app,oach «>™istently 

... . ystem f c dlfferen ce in size. The polarization ratio approach typically results in 

a factor of *«? to four smaller than the phase doppler resurts In addilfon 

aDDroaS^n h l2,n9 °f pabllity ' the P resent work demonstrates that the polarization ratio 

DartSeffr^?^n. S * * * ? d Pr0vi ? 8 meaos t0 . discriminate regions containing soot 

hvdrocarhnn re9 ' 00S- Sucb a capability will be useful in studies in liquid 

Sres^ combustors where both soot particles and droplets are likely to be 
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III. Proposed Work for Coming Year 

Work during the next year will concentrate on performing sWI^ aooustfc 
experiments in an environment that more closely matches actual rocket ■mjtors-Jtew 
experiments will be carried out in a pressurized enwronment 
chamber which can be operated at pressures up to 300 P». JWee ' types of I nozz** 
be used: a series of mono-injector nozzles ranging in diameter freer i 0.0625 inches to 0. 
inches with an aspect ratio of at least 10, aco-axid injedor having^ mnwdameter o 
0 1 inches and an outer diameter of 0.2 inches with an asped ratio of 35, and an 
impingir^3 nozzle yet to be desiged. Based on past exper fence, the acouskc mo*, 
interest with the current chamber will be the frat tangenM mo^1-T rt»*) at MM0 ^Hz 
and the previously discussed first tangential, third longitudinal mode (1-T/3-L mode) at 

1560 Hz. 

The acoustic drivers will be upgraded to provide a greater pressure field intens '^ in 
order to allow other standing wave modes to emerge, such as radid modes. Present 
observations have shown that as the jet velocity increases, the 
acoustic field on the spray diminishes. By using more robust acoustic dr 
jet velocity can be increased with the instability effect remaining. In add ‘ ,0 ^ ^ s such 
as Freon 112 and Freon 113 will be used to simulate actual rocket motor fuels and 

oxidizers. 

In terms of measurement techniques, a variety of approaches will be employed 
including microphone probes for characterizing the induced pressure fiel Id while flash 
photography, high-speed cinematography, a two-dimensional 

technique, and a laser-based phase doppler particle analyzer will be used t° characterize 

any observed spray instabilitiy phenomena. The P hoto 9 rap ^ < ; hf^S^fluid whereas 
view of the interaction between the applied acoustic field and the injected fluid, where 

the laser techniques allow for quantitative measurements of the observed sp y 
phenomena. 

A two-dimensional polarization ratio technique is currently ^^9 developed to^ 
acquire droplet size data under transient combustion ^nditions. ^is techni^ 
based on a thin sheet of laser light emanating from a frequency doubled Nd £AG Pu 

laser illuminating a spray. The two-dimensional polarization ratio technique determines 

L plane of the laser sheet using the measured ^lan^on ratio 
of the scattered laser light from spherical liquid droplets in the spray. ' n essence, the 
polarization ratio technique gives spatially extensive droplet size data with high temporal 

resolution. 

The phase doppler particle analyzer uses an Ar-ion laser to maintain a non-intruswe 
probe volume in a given environment and provides a point measurement of^ drop 
size in the spray The phase doppler particle analyzer will continuously record droplet 
size and velocity distortions inside the probe volume with respect to the phase of the 
acoustic oscillation. 
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Thus by using the above two laser diagnostic techniques, a quantitative 
determination of the effect of the induced pressure field on the spray can be obtained 
The techniques provide complementary information and measurement verification 
concerning the evolution of the spray in the oscillating pressure field. 

Concurrent with the continued acoustic instability work in the current chamber a 

«!r^fl S ? a ? nt : e< ? a T' ar . chamber wil1 be constructed. One of the difficulties with the 
current cylindrical chamber is its ’rich' frequency characteristics. By fabricating a 

chamber in which the consecutive standing wave frequencies are equally spaced one 
can east y ocate acoustic modes of interest with a standard frequency generator The 
transparent nature of the new cell will allow more optical and visual access to utilize the 

mterophone probeT 0nt techniques ' ,n addition « ^ new cell will allow easier access for 

The objective of these experiments will be to better understand the interaction 
between an oscillating pressure field and the atomization and spray phenomena in rocket 
combustors. Continued attention will be given to the study of the observed coupling 

r b fl^H 9 c 8 l!l e pre ff ure fie,d and the breakup of liquid jets as described previously in the 
J However, additional attention will be given to the study of droplet-droplet 
interactions such as coagulation and secondary breakup which may follow the 

JStK IT eSe n \ eas ,^ rements wil1 be conducted under conditions similar to 
the liquid break-up studies and will concentrate on quantitative droplet size 
measurements using the described laser-based techniques. 
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liquid jet breakup 

AND 

ATOMIZATION IN ROCKET CHAMBERS 
UNDER DENSE SPRAY CONDITIONS 
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